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Abstract

‘I”hc  plmtodissociation  of dichloride monoxide (CllO) was studied using broadband

photo!ysis  to investigate the influcncc  of variations in the photolysis  wavelength domain,

flash

bath

gas pressure and bath gas identity on the yield and temporal dcpcndcncc  of the C](I product.

CIO yields were indcpcndcnt of bath gas pressure when t hc photo] ysis spectral band cxtcndcd  to

200 nm (quartz cutof~ but for photolysis  restricted to wavelengths longer than about 250 m,

(;10 yields dccrcascd  with increasing bath gas pressure and there was a pressure-dependent delay

in the fbrmation of Cl Cl. Under these conditions, a’ weak, high] y structured absorption spectrum

was observed in the range 16,600-26,000 cm-l with a lifetime on the order of 500 ms. A portion

of tl]c spectrum could bc anal yz,ccl (22,000-26,000 cm-]) which showcxi progressions having

diffcrcnccs of 283,443 and 505 cm-’. Ab inifio calculations were pc~formcd  to evaluate vertical

excitation cncrgics and oscillator strengths from the lowest-energy sing]ct  (X] Al) or triplet

( 1’13, ) states to various cxcitcd  states. ‘]’hc calculations indicated that the 23AZ <--1313 ~

transition has an unusually large oscillator strength. The transition energy, 3.05 cV, is consistent

with the; observed mctastablc spectrum. 3’hc observed pressure depcndcncc  of CIO formation

could bc modeled using a mechanism which assumed that C120 excitation at wavelengths longer

than about  300 nm I cads to rapid intersystcm crossing to two metastahle  states in the triplet

manifold. These states undergo competitive dissociation to C1O + Cl and collisional  relaxation

to the ground state. The dynamics of C120 may serve as a model for other molecules of

importance in the Earth’s lower stratosphere such as C10N02 where filtering of the solar

spcc.trum by ozone restricts photolysis  to the weak tail of the absorption continuum.

1



,

1. introduction

“1’llc  photoctissociation  of chlorine oxicies has rcccived considerable attention

due to their involvement in stratospheric ozone dcplctiot  I by cl]loroflllc)rocar[>ol]s.

in rcccnt years

ClzCl  (chlorine

mo]loxidc  or dichlorinc monoxide) is the anhydridc  of an important chlorine ‘reservoir spccics  in

the stratosphere, 110Cl,  but dots not itself play a significant role in atmospheric chemistry.

‘I”hcrc is, however, interest in understanding the kinetics and photodissociation  of C120. Because

it is used cxtcnsivcly as a CIO source through direct photolysis,

Clzo + hv + C1O + Cl k(,),,,,,  = 84011111

and by the rapid reaction with atomic chlorine,

C]* -1 hv + 2C1

c1 + C120 + Clo i C]*

it is important to quantify the wavelength dcpendences  of the overall cjuantum yields for all

photoly(ic  channels.

Ii:irly studies of C120 photociissociation  showed that irradiation at wavelengths below 300

nm leads primarily to formation of C1O +- Cl, with mino~ channels lcaciing  to O(sl’) or O(]D) by

the reactions

C120 +“ hv + 2CI + 0(3P) &hresti  “ 292 ‘]11

cl~o +- hv + C12 +- 0(31’) ~hrc,h ‘“ 7]  0  nnl

CIZO + hv -+ Clz + 0(111) ‘thresh “ 335 nm

l~inkelnburg et al. and Schumacher and Townend used steady-state photolysis  sources combined

with measurements of the C12 quantum yield to deduce the primary quantum yields.”2 I.ater

flash pllotolysis  studies of (;120 employed the direct detection of C10.”7’4 Sander and Fried15

observed the formation of BrO in the broadband photolysis  of C120-Br2  systems at wavelengths

lo]lgcr

than 180 nm. in this experiment, the only likely pathway for the formation of BrO was the 0(3P)

-t lIIZ reaction, with the 0(31’) being produced by Clzo photolysis. “1’hc  measured 0(31’) quantum

yield over the photolysis band was 25 f5’%0. Recently, Nelson el al.L have employed
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photofragmcnt Wms]ationa]  energy spcclmscopy in a mo]ccu]ar beam to stL]dy  [~]~()

photodissociation nlcchanisms  at 308, 248 and 193 nm. ‘l’his work slmwcd that primary C1-O

bond fission occurs at all [hrcc wavclcngtbs.  At 2.48 and 193 nm the C~10  fragment possessed

sufficient inter-nal energy to undergo secondary dissociation and at 193 nm there was cvidcncc

for conccrtcd  Clz elimination pathways on both the singlet and triplet sur~dccs.  While this

cxpcrimcnt providc(i  considerable information on the dynamics of the primary and secondary

reaction channels, it was unable to study the photolysis  in the weak tail of the C120 absorption

continuum beyond 308 nm or effects duc to collisions. (;hichinin’ studied the 248 nm photolysis

of C120 using lime resolved laser magnetic resonance to measure the extent of spin-orbit

excitation of nascent C1(21’J).  ‘1’hc atomic cldorinc  was found to bc predominantly (82°/0) in the

ground

(21’312) state at this wavclcngjh  but quantum yields at longer wavelengths and the effect of buffer

gas collisions were not examined.

C120 is characterized by a continuous absorption spectrum with maxima at 530,410,256

and 171 nm, and a vibrationally  resolved Rydberg  series with an absorption maximum at 161.1

nm (figure 1).8-’) ‘1’he electronic states responsible for tl ~e observed ultraviolet absorption bands

have not been dctcrmincd  experimentally or theoretically. Because the C120 absorption cross

sections decrease rapidly to values less than 10-?O rnolccule  cnl-2 beyond 350 nm direct probing

of the photodissociation dynamics of the visible band systems is quite difficult duc to the small

fractional decomposition ofthc  photolyte.

l’hotodissociation  in the weak absorption tail is a problem that is very important for

stratospheric and tropospheric chemistry. Species that are important temporary reservoirs of odd

hydrogen, nitrogen, chlorine and bromine such as C1ON 02 and I ION 02 are most abundant in the

lower stratosphere below 30 km. In this region of the atmosphere, omnc  absorption removes

virtually all solar radiation below 290 nm. At wavelengths longer than this cutoff point, the

absorption cross sections of many temporary reservoir species are sn~al]  duc to weak Franck-

Condon  overlap or forbidden electronic transitions, Never-thelcss, photolysis  is the most

imporiant  loss process for these molecules in the lower stratosphere. Results of

photodissociation studies carried out at shorter wavelengths, or under different conditions of
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tcmpcraturc and pressure than those encountered in the lower stratosphere may not be applicable

to the real atmosphere. Ilrrors in the nlcasurcmcnt  of effective  quantum yields will have a

significant impact on the ability of atmospheric models to correctly prcclict  the abundance and

partitioning of trace species, and therefore affect calculations of stratospheric ozone loss. As

indicated above, while C120 is not a molecule that is directly relevant to atmospheric chemistry,

studies of its photodissociation  at long wavelengths may serve as a paradigm for the

understanding of the photo] ysis of stratospheric temporary reservoir species.

One approach to the investigation of photo] ysis processes in wcakl  y absorbing bands is to

usc a broadband photolysis  source such as a flashlamp  coupled with analysis by time-resolved

absorption spectroscopy. While a flashlamp  lacks the wavelength specificity to initiate

photolysis from a well-defined initial state, it can provide a larp,c photo]ysis  flux in the region of

low absorption cross section of the photolyte.  We have used this approach to study the

photo]ysis  of C120. l’hoto]ysis  filters were used to isolate photolysis  spectral regions from 180

nm through the visible. l’hc yields  and time-dependent concentrations of C10 were measured as

a function of buffer gas density using an optical multichannel analyzer (OMA). “1’hc spectrum of

a new intermediate was identified in the photolysis  of C120 at wavelengths longer than 300 run.

Ab initio calculations have been carried out to determine the energy ordering and oscillator

strengths for transitions in the singlet and triplet manifolds of C120 using the conlplete-activc-

space self-consistent-field (CASSCF) and multircferencc  configuration-interaction (MRC1)

methods for the singlet and triplet ground and excited states, respectively.

II. Experimental

C120 was prepared by the method of Cady’8 in which a mixture of 10-20% C12 in helium

was slowly flowed over dried I IgO at room temperature and at a total pressure of 250 lorr. The

effluent gas was collected in a trap at 161 K. C120 was purified of residual C12 by vacuum

distillation at 196 K. “1’hc purity of the sample was checked by UV absorption spectroscopy.

“]’hc only detectable impurity was OCIO at 0.2 pptv  with no discernible C12 impurity. C120 was

introduced into the flash photo]ysis  apparatus by flowing UIIP helium (Mathcson)  through the
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liquid sample at 196 K. ‘1’he helium pressure in the sample bubbler was varied from 500-1020

“1’orr cicpcnding  on the desired concentration of ClzO and flow rate within the reaction cell,

‘1’hc flash photolysis  apparatus employed has been used in this laboratory for many studies

and is dcscribcd  in detail elsewhere.j A brief outline of the features important for these

cxpcrimcnts follows. ldcntical  reaction cells fabricated from Pyrex or quartz.  were uscci in these

cxpcrimcnts, depending on the range of photolysis  wavelengths dcsirccl.  Ilach cell consisted of a

central react ion region 90.5 cm in length through which the gas mixt urc flowed. l’hc reaction

ccl] was surrounded by three annular jackets. I’hc innerlnost  jac.kct  comprised an optical filter

into which inorganic salt solutions could bc added to provide coarse wavelength filtering of the

spectral distribution of the photo] yzing light. The middle jacket comprised a flashlamp  which

was used to initiate photodissociation  of chlorine oxide. “l’his jacket was filled with 30-50 Torr

xenon which was discharged with a 27.5 kV potential through a 2..4 p]; capacitor to produce a

high intensity broadband flash. The outermost jacket was connected to a heater/chiller to provide

tclnpcrature  control of the reactor contents.

The two different cell provided some wavelength control of the photolysis  light--the Pyrex

CCII cuts off wavelengths shorter than 300 nm due to the intrinsic propcrt  ies of the material, and

the quartz ccl] extended the photolysis cut-off to 200 nrn. Spectral distributions of the photolysis

flash with each filter and cell were obtained by recordinp, the spectral (distribution of the

photolysis  light scattered along the probe beam detection axis. The associated spectral

distributions from 200 nm to 400 nrn are shown in figures 2a-d. To further limit the spectral

distribution of the flashlamp,  two salt solutions were used. A solution of KMnOo (0.2 g 1,-1)

provided a weak transmission band between 230 run and 300 nm witli greater transmission

between 350 nm and 500 nm (figure 2b). A solution of (;rK(SOd)zo 121120 (1 00 g L-l) had

banded transmissions between 285-375 nrn and 440-550 nm (figure 2c).

A. C1O Product Yield and l’cmporal Behavior

‘1’imc-dependent concentrations of reactants and products were measured by long-path UV

absorption spectroscopy. ‘1’he collimated output of a 150 W short arc xenon lamp was passed

through the reaction cell using White-type optics to provide a total optical path length of 724 cm.

‘1’hc beam was passed to a 0.3 m monochromator equipped with a 1024 pixel diode array
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dctcc(or.  A 2400 line mm”’ diffraction grating was used which, whcII coupled with the diode

array detector, resulted in lhc detection of a spectral band of 30 nm wiclth. With this detection

schcJnc,  the promincJlt C10 vibratioJla] progression ofthc Q ‘- 3/2 sub-band (A <-- X) traJlsition

iJl the region 265-295 Jlm could bc SCCJ1 iJl a single scan of the detector arJay. Ily using dcdicatcd

JneJnoJ”y ]ocatioJ~s  for data storage, the diode array contrt~]  electroJlics  aJld iJltcrface allowed for

the acc]uisitioJl  of LIp to 5 ] 2 separate scaJrs of the detector array for each firing of the flash]amp.

‘1’hc tcJnporal reso!utioJ~  of the experiments was deterJni)~ed  by the Jlumbcr of pixc]s read in each

scan--whcJl the eJ~tirc  1024 pixels were read, the Jninimum temporal rcso]utioJl was 16.67 Jns,

but this valtJc could bc reduced to 5 Jns wheJl a subset of only 270 adjaceJlt pixels were used.

‘1’his lower value resulted froJn the Jninimum number of pixels Jlccdcd  in order to maintain the

uJlaJnbiguous  dctectioJl  of CIO by the observation of at ]cast five of the vi bratioJlal bands

ceJ~tcrcd  at 275 nm. ‘1’eJnporal inforJnation  on the formation and subscclucJlt  reJnoval of the CIO

product was obtained by avcragiJ~g  5 to 100 traJ~sient absorption signals following firing of the

flash lamp and fitting the spectra resulting from each seal 1 of the detector array to a refercncc

spectrum determined from the known relative cross sections of Cl O.’9 W bile absolute C1O cross

sections are dependent on spectrometer resolution, the mcasuremeJ~ts here were carried out using

the saJnc optical configuration as those employed by NickolaiseJl  et al. in which absolute and

relative C1O cross sections were measured with estimated uncertainties of ~-20°/0 and f$5°/0,

respectively.

‘1’IIc CIO product yield as a function of total pressure was measured lJndcr conditions of

constaJlt  C120 coJlceJltration. Total flow of the gas mixture through the cell was adjusted so that

the rcsidcJlcc time within the cell was always 5-10 seconds shorter than the duty cycle of the

flashlamp  ensuring that all photolysis  and reactioJ~  products are flushed froJn the CCII between

each firing of the flashlamp.

11. Absorption Spectra of lntcrmcdiatcs

6

l~or detection of absorption spectra of possible inte] mediates resulting from CIZO

pbotolysis,  a mctbod  was used that was similar to the one described above with certain

modifications. “1’hc monochromator was fitted with a 1200 line mm-l diffraction resulting in a

spectral bandwidth of 60 nm. Because of the very small absorption signals involved in these



mcasurcmcnts, it was ncccssary  to perform 100 co-additions of the transient signal. “1’o furlhcr

improve the signal-to-noise ratio of the spectrum, ten successive scans immediately preceding

the flash were averaged to produce the baseline ],, spectl um. ‘1’hc transient transmission

spectrum, It, was obtained by averaging the first ten stalls immediately following the flash. An

absorption spcclrum  of the transient spccics  was dcrivc(i from the logarithm of the ratio of 10 to

ll. IIy performing the additional averaging, the S/N is significantly improved, but the temporal

resolution suffers accordingly. I;ach scan of the diode array requires 16.67 ms, so the overall

temporal resolution is 167 ms,

IIccausc  the spectral bandwidth of the rnonochromator equipped with a 1200 line mm-’

grating was only 60 mn, to produce a complete absorption spectrum it was necessary to repeat

the acquisition process at a number of monochromator  settings spaced 30 nm apart hcginning  at

300 nm and extending to 580 ntn. In this manner, the overlap between successive data sets was

sufficient to allow accurate splicing of the individual spectra into a complete absorption spectrum

covering this entire spectral region. Wavelength calibration of the spectrometer was

accomplished by recording the emission lines from a mercury pen lamp with the diode array for

each monochromator  setting. This provided absolute wavelength markers throughout the entire

region of the transient absorption spectra.

111. Results

A. C1O I~ormation and Removal

C120  photolysis experiments were conducted to determine the effects of a) the spectral

distribution ofthc  photolysis  radiation and b) the identity and total pressure of buffer gas on the

time-dcpcndcnt formation and removal of C1O. Tirne-dependent (10 concentraticms as a

function of total pressure of Nz are shown in fig,ures 3a-d for the fou~ flashlatnp  spectral

distributions. ‘1’hese signals were recorded with a time ~esolution of 5 ms. In all cases, two

processes contribute to the formation of C1O: direct photolysis  of CIZO and the secondary

reaction of atomic chlorine with ClzO. “l’he initial rise of the signal due to the Cl + C120 + CIO

+ Clz reaction is not seen because of the relatively long temporal resolution of the OMA.

7



l{xpcrimcnts  were carric(i out using CIZO concentrations in the range (3-1O)x1014 nlolccu]c  cn]-~

and pressure range (5-400) “1’orr of buffer gas. t~120  concentrations were kept  at a minimum to

avoid possible effects of Clz O self-quenching. Most cxpcrimcnts  were carried out at 298 K

although a few were conducted at 253 K.

I:or photolysis  in the quartz ccl] (figure 3a), the maximum C1O signal is essentially

independent of the total pressure within the reaction cell. ‘l’he decay of the signal is governed

cntircl y by the self-reactions of CIO and can be modeled satisfactorily using the known rate

cocflicicnts for these reactions coupled with the flow of products from the cell (SCC IIiseussion).

“1’hc  time scale for CIO removal decreases with increasing pressure due to the tcrmolccular

cmnpo]lcnt  of the C.10 self-reaction. I~igurc  4a is a plot of the C10 yield as a function of N2

density where the C1O yield is defined as the maximum CIO conccnttation  normalized by the

initial amount of CIZO present in the cell. The yield is constant over t Ilc density range (1 -

30)X 10’7 molecule cnl-3.

l;igurcs  3b and 3C show C1O data collected using tllc quartz  cell with the KMnOo and

CrK(S04)2*  121 IZO filter solutions, respectively. Yields  of CIO vs. Nz density arc given in figures

4b and 4c. There is a marked difference when compared to the unfiltcl-ed  quartz data of figure

3a. l~o) each experimental configuration, the data as a function ofprcssure  display two

pronlincnt  features. First, the C1O yield, as defined above, decreases with increasing bath gas

density, and second, the time required to reach the maximum CIO signal increases as the bath gas

density increases, Photolysis in the unfiltered quartz cell accesses both the strong absorption

band of C120 at 254 nm as well as the shoulder of the strong absorption feature in the region 200

nm to 2.25 nm (see figure 1). Photolysis  using the filter solutions completely removes any

contribution from the 200 nm to 225 nm band. ‘t ‘he K.MI 104 filter severely limits the contribution

from the 254 nm band, and the CrK(SOH)2 filter eliminates this contribution altogether. The

difference in the product yield behavior between the unfi ltered quartz cell and these filtered

configurations can be rclatecl  to the differences in the regions of the absorption spectrum

acccsscxi  by the photolysis radiation.

l~igurcs  3d and 4d show, respectively, the (;10 temporal signals and C1O product yield for

photo]ysis  in the Pyrex cell. ‘1’hc behavior is similar to that observed for the filtered quartz cell
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data, namely, that the yiclcl  dccrcases  and the formation time to the maximum C1O signal

incrcascs  as the bath gas density increases. [Jsc of the Pyrex cell limits the photolysis

wavelengths to 300 nm thereby accessing only the cwcak’  transitio~l  on the shoulclcr of the 254

nm band and the bands at 410 nm and 530 nm. l;igurcs 5-7 show the C10 time dcpendcnccs  and

yields in the l’yrcx ccl] for three other bath gases: 01, 1 Ic and Sl;c.  All three gases show the same

qualitative behavior as N2 althoug)h 1 IC is a significantly less cfi;cicnt  quencher than the others.

‘1’hc C1O yield incrcascs  sorncwhat  with increasing OZ p] cssurc  bctwccn 5 and 15 ‘1’err,

decreasing thcrcaftcr to the highest pressure cmp]oycd.

lixpcrimcnts were conducted to dctcrminc  if the pressure-dcpcndcnt C1O yields and

temporal variations observed in the P yrcx cell were duc to cxpcrimcnta]  artifacts pccul iar to the

cell material. A Pyrex SICCVC was placed inside the quartz cell and ihc cxpcrimcnts  were

rcpcatccl.  “1’hc results were identical with those obtained in the 1’ yrcx ccl 1 ruling out an artifacts

associated with the cell itself (other than the CCII material). Another test was rnadc in which an

opaque Iincr was placed inside the Pyrex CC1l  to block the photolysis  light from entering. The

observed formation of CIO was negligible indicating that the dissociation of C120 occurred by

photo] ysis rather than some other process such as some sort of electrostatic discharge arising

ftcm the high voltage pulse on the xenon flash lamp.

11. Nlctastablc Intermediate Formation

I’hc clcpcndcncc  of the C1O yield on the buffer gas density suggests that in addition to a

direct dissociation pathway, a mctastablc  intcrmcdiatc  is formed which subsequently decomposes

to CIO or qucnchcs to onc or more other states. Using the OMA, a spectral search was carried

out for transient absorbers to identify other spccics  or metastablc  states which might be formed

from the photolysis.  Based on simulations of the secondary chemistry of the spccics  expected to

be present in the cell following the flash, the only species with absorption in the region 350 nm

to 550 nm arc C120 itself, and OC1O and Clz which are products ofthc C1O self-reaction. The

absorption spectrum of ground state C120 is broad with no sharp distinguishing features and will

result only in gradual variations of the baseline. Similarly, the C12 spectrum is a broad

continuum and wil I produce no sharp features in the absorption spectrum. OCIO has a structured

spectrum from 270 nm to 4’75 nm corresponding to a vibrational progression in the A + X band,
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“lo remove the OC1O contribution to the product spectrum, a rcf’crcncc  spectrum was produced

from the OMA data collcctcd  at times greater than 7.5 s following the flash when the reactions

which result in 0(;10 production were essentially complete. ‘]’]lc 0(; ]() rcfcrcncc spectrum was

appropriatcl  y scaled and subtracted from the total absorption spectrum. I;igurcs 8a-c displays

three spectra: a) the total absorption spectrum for all species immediately following the flash, b)

the OC10 rcfcrcncc spectrum, and c) the spectrum resulting from the removal of the OC1O

contribution. I:igure 8C shows a weak absorption spectrum with a complex series of vibrational

progressions over the spectral range 400-600 nm. ‘]’hc temporal dependence of the residual

spectrum was measured and found to persist for about 500 ms. The absorption spectrum of the

mctastab]c  maximized at low pressure (5 Torr Nz at a temperature of 253 K.)

‘1’hc spectrum of figure 8C cannot be assigned to any of the othel  species that might be

produced from secondary reactions of Clzo photolysis  p] oclucts (CIOO, C103, CIZOZ, elc.) or

from minor impurities in the ClzO, ‘l”he structured bands are well above the noise level of the

data and were reproduced a number of times using CIZO samples prepared at different times. In

addition, all of the absorption bands in the new spectrum showed the same time dependence

indicating the presence of a single absorber. ‘l’he increase in baseline absorption at shorter

wavelengths is attributed to changes in the concentration of ground state ClzO; the CIZO

spcctruln  was not subtracted out because the broad absorption bands of ground state C120 do not

interfere with the structured spectrum of the intermediate.

IV. Discussion

l’he interpretation of the results of this work is hca\ily  reliant upon an understanding of the

cncrgctics  and symmetry properties of the C120 excited states. We begin by discussing the

methods and results of the ab inilio calculations, then usc these results to interpret the CIO

formation kinetics and the spectrum of the observed mctastable  intermediate.

A. Conlpntafional Methods

‘1’hcoretical  calculations for excited states of C120 were carried out using MOIIR0,’2  a set

of ah initio electronic structure programs. Complete-active-space self-consistent-field
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(CASSC1’)’3  calculations were performed for the two states of 10WCSI energy within each

irreducible representation ofthc(.;zv point group, for both tbcsinglct  andtriplct  manifolds, using

tllccxl}cril~~clltally  dctcrIlliI~cd  grouI~d-statc nlolccLllar  p,colllctry.  StIt>scq~lclltly  tllc CASSCl:

molecular orbitals (MOS) were used in multircfcrcnce  c~)l~figtlratiol~  -illtcraction  (MRC1)

calculations for these states. ‘4 “1’hcsc were of the internally contracted type, and used the

projection method of Know]cs  and Werner.’5

‘1’hc } lartrcc-1’ock  clcclronic  configuration for the X ‘Al ground state of CIZO is:

(corc)(6a1)2(5b2)2(7a1  )2(2bl)2(6b2)2(8  aI)2(2aL)2(9a1)2(7bl  )2(3 b1)2(8bz)0(l  Oal)O, where the 9a1 and

6bz MOs arc C1O o-bonding and the unoccupied 8bz and 10al MOS arc C1O o-antibonding. “1’hc

active space for fu]l-valcncc  CASSCl: calculations would comprise all these MOS, giving 20

electrons in 12 orbitals.  inspection of the CASSCF Cl vectors for this active space showed that,

for all the states calculated, the MOS 6a1, 7a1, and 5b2, (arising from the Cl 3s and O 2s orbitals)

remained doubly occupied in all significant configurations, By excluding these three MOS the

active space was reduced to 14 electrons in 9 orbitals,  arising from the valence p subshell  of each

atom. A total of between 158 and 167 configuration state functions (C SI:S) were generated from

this active space  for the various states calculated, Further examination of the CASSCF CI

vectors showed that for all syrnmctry species the predominant configurations had at least two

electrons in the orbitals  8a1 and 6b2. The final reference space adopted for the MRCI

calculations therefore comprised all the CASSCF CSFS cxccpt  those in which the combined

occupancy of the 8ar and 6b2 was less than two; climinat ion of these configurations had only a

minor effect on the total number of CSFS.

Tl]c calculations were performed using the IXmning correlation-consistent polarized

valence triple-zeta (cc-pVTZ) basis,’s which has the form (10s5p2d 1 f)/[4s3p2d 1 fJ for oxygen

and (15s9p2d 1 f)/[5s4p2d  10 for chlorine; this gave a total number of 98 basis functions. “1’o

check for

basis-set effects in the results, calculations were also made with a smaller valence double-zeta

basis (involving only 50 basis functions) but the results were found to differ very little.

B. Computational Results and l)iscussion

11



‘1’able 1 shows total cncrgics and vertical transition]] energies, calculated at the MRCISI)/CC-

pV’I’Z lCVC1,  for the following cxcitcd  states: 1 ‘Al, 21 AI, 1 ‘Bl, 2]1)1, 1 ‘11~, 2illz, 1 ‘Az, 21A2,

1 ‘Al, 2JAI, 1 ‘111, 2~111, 1 ‘Ilz, 1 ~llz, 1 ~Aa, and 2~A2. State-averaged orbitals  were used for each of

the different space and spin symmetries in order to avoid bias towards the lower energy states.

l’irst, eight separate two-stateCASSCl:(14 in 9) calculations were performed for (X ‘Al + 21 A ,),

(11111  + 21111), (I* IIZ-I 21BZ),  (1’A2 + 21 AZ), (13A I -t 2JAI), (lJIII -1 23111), (Isllz +2sIlz),and

(1 ‘A2 + 2SA2). “J-he MOs from each of these calculations were then used in MRCISI1

calculations for the two states; c. g., the MOS from the (11112 -t 2.’112) CASSCF calculation were

used to calculate the energies of the first and second ’112 states at the h4RCl SI) lCVCI.

‘1’ransition dipole moments (and hence oscillator strengths) bctwccn  the lowest-energy state

and each higher state, within both the singlet and triplet manifolds, were calculated at the

MRCISIYcc-pV’I’Z lCVC1, as shown in “l-able 2. It is ncccssary  to employ the same orbitals  for

both states involved in each transition. i 7 Thus to obtain orbitals  avcra.gcd  over both the lower

and upper state required a further three-state CA S’SCF (14 in 9) calculation, i.e., (X’A 1 +- 11111 +

211$), (X1A1 + llI]Z+ 21BZ), (X]A1 + 11A2+ 21AZ), (131$ + 13A, +- 2SAI), (13B1 +- 13132+ 23132),

and (131]1 + 13A2 + 23A2), unless the upper and lower states were already of the same symmetry.

“1’o calculate the transition dipole moment for the transition (23AZ <--1 ~D ,), for example, an

MRCISD wavefunction for each state was determined using the orbitals  from the (1 311, + 13A2 +

23A2) calculation. Since the three-state CASSCF calcuhdions  give o~bitals  that are less WCII

adapted to each individua]  state than are those from the 1 we-state CA SSCI; calculations, the

resulting energies arc slight] y less satisfactory for each state. 1 lowevcr,  comparison of the

transition cncrgics in Tables 1 ancl 2 reveals no significant differences. Moreover, it was found

that very similar results were obtained for transition ene~ gies and oscillator strengths at the

CASSCF level using either the (14 in 9) or the larger (20 in 12) active space, and with either the

cc-pV’I’Z  or the smaller cc-pVIIZ basis; these findings (Ilot shown) confirm the essential

reliability of the results presented.

‘1’hc lowest energy triplet state calculated was 1313,. The prcciominant  configuration in the

MRC1 SD vector for this state corresponds to an excitation from the (3bl)2  non-bonding orbital of

the 1 lartrcc-l~ock  ground state to the (1 Oal)O cJ*(CIO) antibonding  orbital. “1’hc transition with tbc



largest oscillator strength is 2~A2 <-- 1313]; this transitio~l  corresponds to excitation of an electron

from the doubly  occupiccl (2a2)
2 orbital in the 1 ‘l), state to the singly occupied (3bl) ] orbital.

‘1’hc computed vcrtica]  excitation cncrgics  and osci Ilator strcnglhs  of ‘1’able 2 may be LISCCI

to interpret the obscrvcci ClzO absorption spectrum shown in fi~,urc 1. ‘1’hc cxpcrimcntal

spectrum has five prominent features in the region of interest to this study--absorption peaks at

171 nm (7.24 cV), 254 nm (4.88 cV), 420 nm (2.9 cV), and 540 nm (2.3 cV), and a shoulder on

the 254 nm peak at 300 nm (4.1 cV). The largest peak at 7.24 CV correlates well with the

calculated energy of 7.345 CV for the 21131 state. The peak obscrvcxi  at 4.88 CV is consistent with

the 1 lIIZ state calculated to bc at 4.983 eV. I;xamination  of the conlputcd  oscillator strengths

indicates that these two states should indeed have the st~ ongest  absorpt  ions in agreement with the

observed spectrum. I lowcvcr,  the ordering is reversed--ab ini(io results predict the 1113Z state to

have a slightly larger absorption cross section relative to the 2113, state whereas the experimental

spcclru]n  indicates a larger oscillator strength for the hip,her energy state.

I’hc computed oscillator strengths indicate that the next strongest absorption following the

two large features is the transition to the 1 lB, state. The calculated energy of this transition is

3.419 CV which does not directly correlate with any features of the observed absorption

spectru]n.  I lowever, the shoulder to the low energy side of the 254 nm peak is of sufficient

strength that this feature most likely arises from the 1 ‘Bl <— 1 lAl trat)sition.  If this indeed the

case, then the calculated transition energy of this state is low by several tenths  of an eV. The

transition to the 21A, state at 5.453 eV also has sufficient oscillator strength to be observed

experimental] y, but this absorption is buried in the shoulder of the larp,c feature at 7,24 eV,

‘]’hc weak absorption peaks at 2.3 eV and 2.9 CV cannot be assigned to singlet~singlet

transitions because the 1 lB, state is the lowest excited state in the singlet manifold, and the

energy of this state is substantially higher than the observed transition energies of these two

features. “1’hc 2.9 CV peak corresponds to a spin forbidden transition to the lowest lying triplet

state, 1 ‘l],.  The oscillator strength for this triplct+singlet  transition was not determined in this

stud y, but this assignment is consistent with the calculated transition energy of 2.625 eV and the

small absorption cross section of 1 x10-20 cn12 expected for a forbidden transition such as this.

I Iowcvcr,  that excitation of this triplet state occurs is an indicatic)n  that the 1%, state is not
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strictly triplet in nature, but rather has a mixed configuration containing some sin.qlct  character.

‘1’hc very weak feature at 2.3 CV cannot bc assig,ned  to a transition from the ground electronic

state since the excitation energy is significantly lower than any of the Ca!culatcd cxcitcd  state

cncrgics  in either the singlet or triplet manifolds. ‘l”his  absorption may arise from a transition

bctwccn  two cxcitcd  electronic states where the Iowcr 1>’ing  state is prepared by excitation from

the ground state.

C. C1O Formation Kinetics

Our cxpcrimcnts focused on the production of CIO from the bro:idband  pulsed photolysis

of <1120 using different photolytic  spectral distributions extending from tbc visible to 200 nm.

‘1’hc C1O time (icpcndcncc  was dominated by two major effects: the kinetics of C1O formation

which, when photo] yzed at Iongcr wavelengths, were determined primari 1 y by the cxcitcd  state

dynamics of C120 and the kinetics of CIO removal which were dominated by C1O self-reaction.

‘1’hcse processes will be discussed below.

The time dcpcndcnce of C10 production was influenced strong] y by the spectral domain of

the photo]ysis  radiation, the bath gas pressure and the bath gas identity. Restricting the spectrum

of the photolysis radiation to wavelengths longer than about 250 nm results in significant

changes in the production of C1O. First, the time scale for the formation of C1O (X2H) changes

from instantaneous on the scale of the OMA temporal resolution to values in the range of 50-200

ms. ‘1’hc time at which the C1O maximum is reached increases with increasing bath gas density

until about 100 l’orr at which point the time to reach the maximum decreased. Second, the

maximum photo] ytic yield of CIO changes from being il ldcpcndent  of the bath gas density to

inversely dcpcndcnt OJI the density. These observations strongly suggest that C120 photolysis

beyond 250 nm results in the formation of metastable states which undergo competitive

co]lisional  deactivation and unimolecular decomposition to form CIO and possibly other

products. Duc to the broadband nature of the photolysis  spectrum, the wavclengtb  dependence of

the excitation leading to the C120 metastablc  cannot bc determined. ‘1’hc observed behavior is a

convolution of the photolytic  intensity distribution which increases rapid] y at ]ongcr

wavelengths, the absorption cross sections which dccrcasc  rapidly at longer wavelengths, and the

cncrg y dcpcndencc of the excitation leading to the curve crossing which is unknown.
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lnsighl into the excited state dynamics arising froln the Iong-wavelength excitation may be

obtained from a kinetic simulation of the C10 temporal profile :ind its dcpcnclcncc  m the buffer

gas density. ‘1’hc simplest mechanism for the formation of C1O product consists of a sing]e

mctastablc  cxcitcd  state with competition bctwccn  quenching and dissociation, i, r.,

cl~o + hv --> C120+ cxcitaticm

C120+  —Q-–> Clo + c1 dissociation

ClzO+  -t M --~~+ Cl10  + M qucnchin~,

‘1’hc time dcpcndcncc for C10 formation is given by

‘d[c]20+]o ~[00] “ -k----k--i  ( - c-(’” “[M])’)
d q

‘1’hc kinetics of the C1O removal are dominated by the self-reacticm of C1O. As discussed by

Nickolaiscn et al.,19 the detailed mechanism of the CIO sc]f-reaction  consists of both bimolecular

and tcrmolccular components at ternpcraturcs  above about 250 K. ‘1’hc detailed reaction

mechanism is given in Table 3. The time scale for CIO ] cmoval by C1O self-reaction is

sufficicntl  y long (t >0.1  s) that the CIO removal mcchall  ism can be decoupled from the excited

state dynamics which produce C.10 at long wavelengths. This mechanism for CIO formation

couplccl  with the C1O self-reaction kinetics predicts that as the pressure is increased, the time to

reach the maximum C1O signal will dccrcase. The obselvcd  C1O signals  for photolysis  in the

unfiltered quartz ccl] conform to the time dcpcndencc  predicted by this equation. F’igure 9

illustrates the fit of the unfiltered quartz CCI1 data to a mechanism that included the above

clcmcntary steps and all chemical processes involved in the C1O self-reaction. Reactions and

rate coefficients for the C1O removal processes are given in Table 3. ‘1’hc simulations were

performed by simultaneously fitting the CIO time dcpcndcnt signals at pressures of 5, 10,25, and

100 ‘1’orr to this rncchanism  using a non-linear least-squares technique. “1’hc parameters varied in

the fitting routine were the initial amount of [CIZO+]O,  k~, and k~. l’hc resulting values were

[Cl@+Jo  = 5.4x1 OIJ molecule cm-s, k~ = 1.5x10]~ S-l , and k~ = 4.4x1 0-14  CJn3 molecu]c  s“ ‘1. The

values for kd and k~ arc reasonable, but may not accurately represent the rate coefficients for



these physical proccsscs bccausc  the hypcrsurfacc  used in the fitting routine is not tightly

constrained by the data.

While this mechanism predicts the CIO yield and temporal behavior for photolysis  at short

wavelengths, it dots not dcscribc  the cxpcrirnental  data f’or the other photolysis  configurations in

which absorption to the 2 lB I state is not involved. To model the temporal behavior corrcctl y, it

was ncccssary  to include two excited states in the mechanism. “1’hc first state is populated either

directly by photo]ysis  or by intersystem  crossin~  from the initially prepared singlet upper state.

‘1’hc second state is produced by co]lisional  relaxation from the first state and may dissociate to

proclucts or undergo collisional  quenching to the ground state. 1 ixaminalion  of the energy lCVC1

diagtam in figure 10 suggests that plausible candidates for the two mctastablc  excited states are

the 1 ‘A2 and 1311, states, rcspcctivcly,  and that the initially prepared singlet state in this

wavelength region is 1 lB I. ~’hc cornplcte  mechanism is

C120(11A1)  +- hv –> C120(11BI)

C120(1 113]) –> C120(13A2)

C1ZO(13A2) + CIO -1 Cl

CIZO(l 3AZ) +- M + Cl~O(l  3B ,) + M

cl~o(l  31 31)=> Clo + cl

C120(13BI) +- M + CIZO(llA1) + M

Figure 10 schematically indicates the process occurring during CIZO photolysis  for wavelengths

greater than 300 nm. Initial excitation from the ground state is dominated by transition to the

11 B, state with a small fraction (from the relative absorption cross sections, perhaps 1 -2’%0) of

population in the 13B, state. As mentioned previous] y, the actual energy of the 11 B, state is

higher than shown in figure 8, and is probably much closer to the wavelength cut-off of the Pyrex

CCII at 300 r-m. ‘1’bus, the 1 lBl and 13A2 states will be ill near resonance so that intersystern

crossin~l  to the triplet manifold from the initially prepared singlet state occurs. This process is

very cfficicnt  bccausc of the energy overlap of rovibrational  levels within the 1 ] B, and 13A2

states, the density of rovibmtional  states, and the probable mixed character of the 13A2 state. As



a Icsult,  (11c 1 ] 1), state unclcrgocs competition bet wccn itltcrsystcm  crossing to the 1 ~A2 state ancl

collisions] quenching to the ground  state.

once in the triplet manifold, C120(l ‘A2) either dissociates to proclacts  or is collisionally

qucnchcd  to the 10WCS1 lying 1 ‘l], state. ‘1’IIC I ‘]], state, in turn, may also dissociate to products

or bc qucnchcd  to the ground  11A I state. The qucnchinp, step is quite inefficient bccausc  of the

spin forbidden nature of the transition and the large energy diffcrcncc  bctwccn  states, so that this

process bccomcs significant only at higher pressures. Wc know that the lifetime of the 1 ~11, state

is quite long bccausc it is this state that is the source of the intcrmcdiatc  absorption spectrum

measured in these cxpcrimcnts.  I lcncc, the dissociation process from this Iowcst triplet state

lnust also bc inefficient. ‘l’his mechanism was used to simulate the C10 temporal signals of

figure 3d for photo]ysis  in the l’yrcx CCI1 at 253 K with nitrogen as the bath gas over the pressure

range 5- 100 l’orr. Results arc shown in figure 11. l’hc qualitative features of the experimental

data arc replicated by this mechanism, namely, that the (;10 yield dccrcases  and time required to

attain the maximum CIO sisnal initially incrcascs  and then dccrcascs  with increasing bath gas

density. The model could not be made to fit the data quantitatively. “l’his  is due to the simplified

nature of the cxcitcd  state mechanism and the computational difficulties involved in deriving a

best fit of four data sets to a six-parameter rncchanism.

An important piece of information in the verification of this mechanism involving cxcitcd

state dynamics is the absorption spectrum of the 020 intermediate shown in figure 8c. As

mentioned previously, this highly structured spectrum cannot bc attributed to any of the other

transient radicals or stable molcculcs  produced chemically in the above mechanism bccausc  the

UV-visible spectra of these spccics  arc known and do not matched the spectrum observed

immediately following the flashlamp.  Additionally, the temporal behavior of this intermediate

spectrum was measured by monitoring the heights ofthc four larger peaks in the region of440

nm as a function of time. The lifetime of the intermediate spectrum c.orrclated very WCII with the

formation of the CIO product. ‘1’hc qualitative agreement between the simulations and data

coupled with the measured intcrmcdiatc  absorption spectrum provides compelling cvidcncc  that

the mechanism dcscribcd  above is substantial] y correct in describing the long wavelength

photo]ysis  dynamics of C120.
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1). Spectral Analysis

‘1’hc spectrum of the transient absorber shown in fi~’,ure 8C displays cxtcnsivc,  complicated

vibronic  structure. Closer  inspection shows that the spectrum separates into three distinguishab]c

sect ions.

‘1’hc Iowcst cnerg,y region (16,600 -20,000 cm-’) is charactcrixcd  by a series of low

intensity features with -100 and -300 cm-l spacing, but lacking a wcl]-defined origin. A positive

identification of any regular progressions is complicated by the near resonance of 3 x times 100

with 300 cm-i and the fact that these bands overlap onc another in most instances.

‘1’hc intcrmcdiatc energy region (20,000 -22,000 cm-l) has the type of overall intensity

contour onc would expect fbr a }~ranck-Condon envelope. “1’hc strength of individual features

incrcascs  from a minimum near 20,000 cm-], peaks near 21,000 cm ‘1, then slowly dccrcascs with

increasing energy. ‘l-hc number of features in this energy range, howcwcr, is far larger than one

might expect for the spectrum of a well-behaved triatomic  molecule. Wc have identified

fragmentary series having 110, 325, and 768 cm-l spacings in this region as WCII as a number of

series having 345-350 cnl-l spacings but we have been unable to establish a unique origin for the

bands in this region.

The spectrum changes significantly in the 22,000 -?6,000 cnl-l region. An expanded view

of this region is shown in figure  12. “l-he first few features in this region are quite intense and

WCII separated from their neighbors. It was possible to identify progressions having 283, 443,

and 505 cm-’ diffcrcnccs using the strong feature at 22,322 cm-] as a starting point,

]ncorporatin.g  these three frequencies into an harmonic oscillator calculation, 31 features were

fitted within the experimental resolution of the spectrum. The dominant progression was one

with up to 8 quanta of excitation in the 283 cm-] mode. ‘l’his frequency is consistent with a

C1OC1 bending motion and indicates a significant change in the bond angle between the upper

and lower electronic states. Another interesting aspect of the spectrum in this region is the

prcscncc of a strong progression at 886 cm-’, which may indicate that 443 cm-] corresponds to an

antisymmctric C1O stretching motion. A more quantitative analysis of the spectrum requires

higllcr resolution data.
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'l`l~cc~/~  i~?i/i~~cxcitatioll  cllcrgics al~doscillator  strcllgths  ~ivc~~il~'l`:iblcs  1 and2f’or

clcctrollic  trallsitiolls  within the ClzOtriplct  nlanifolcl areconsistcnt  with thccxpcrimcntally

observed transient absorption spectrum. ‘1’here are only two excitc(i  electronic states

cncrgcticall  y accessible after C120 photocxcitation  with wavelengths long,er than 350 nm: 11 B,

(S,; &,,C,l,  : 364 nm) an(i 1 ‘l], (’l’.; k,h,C,h = 472 rim). Wllilc we cannot eliminate singlet-singlet

transitions originating from S, as the source of the metastablc  spectrum, the 2~AL {– 1 ~]),

transition ims an unusually large oscillator strength and is at least an order of magnitude stmngcr

than any other sing]ct m triplet transition listed. Additionally, the calculated transition energy,

-3.0 CV (24,200 cm-l), lies within the range of the cxpcI imcntally  observed transient spectrum.

Our calculations arc still exploratory at this stage and should not be used for definitive spectral

assignments, but they do suggest that the upper state in the 22,000-26,000 cm-] transition may

possess a large fraction of 2SA2 character.

I’hc ah initio calculations also suggest an explanation for the complicated, low intensity

features present below 22,000 cnl-l. lhrec  excited triplet configurations were identified at

energies below the 23A2 state. Any or all of these states could mix with the 23A2 state and

borrow oscillator strength, thereby producing observable absorption and complicated vibronic

patterns. Similarly, mixing between the nearly degenerate 2]A~ and 2~Az  states might provide

sufficient oscillator strength to produce some features in the otherwise forbidden 21A2 - 13D I

transition. Severe pcrturbatiom in the vibrational spacings of the spectrum might also result

from mixing of the metastablc  cig,cnstates  with the manifold of dark SO and/or ‘1’0 levels. Further

experimental and theoretical studies are required to uncover these  aspects of C120

photochemistry.

The observed pressure dependent photolysis  yields for C120 may have important

implications for stratospheric chemistry. For most temporary reservoirs of odd hydrogen,

nitrogen, chlorine and bromine in the lower stratosphere, photolysis  is the dominant loss

mechanism. Below about 26 km, photolysis  is restricteci to wavelengths longer than about 290

nm due to absorption by ozone at higher altitudes. Abe\’e this wavelength, absorption cross

sections are generally less than 5x 10-20 cn~2 molcculc-’,  (increasing rapidly with wavelength.

Ilxcitations  in this region may be dominated by weak transitions whose dissociation dynamics
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arc highly uncertain bccausc  quantum yield studies typically address the more intense region of

the continuum. Spccics  that fall into this category inclu(ic CION02,  NjO~, 11202, 1 INO~ and

1102NOZ.  LJsing the same tcchniquc  employed for the C120 studies, wc have observed that the

yields of C1O and NOj from the photoiysis  of CiONC)2  at wavelengths longer than 300 nm arc

also pressure dcpcndcnt.20 In order to assess the imporfancc  of this mechanism for stratospheric

chemistry it is ncccssary  to carry out quantum yield studies using monochromatic excitation OVCI

a range of wavelengths and bath gas densities appropriate for the Iowcr stratosphere.
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‘I”ablc  1. M RCISIYcc-pV’I’Z  total cncrgics  (I Iartrces) ald vertical cxcitfition  cncrgics  (cV) for

singlet and triplet states of C120, calculated at the cxpcrimcntal  groumi-sta~c geometry with

CASS(:l: (14 in 9) state-averaged orbitals  for pairs of states with the same space ami spin

Stale

I’A1

1’13,

11A2

1’112

21A1

21A2

2’B,

2’B2

——.. —
}{tO1(l Iartrccs)

.—
-994.36550

-994.24030

-994.18342

-994.18233

-994.16509

-994.15088

-994.09675

-994.07360
——.. —

Iirc,

0.0

3.407

4.954

4,984

5.453

5.840

7.313

7.943

—— .
State

q~  -

1 ‘A~

13132

13A{

2~A1

23A ,

23112

231],
——— —

.——.
1 ;tot(l lartrccs)

.—— — ..—. —
-994.26904
-994.2,1788

-994.21255

-994.20431

-994.15897

-994.13017

-994.12475

-994.12043
_— . __—. —

I;rc,

2.625

4.017

4.162

4.386

5.620

6.404

6.552

6.669

‘l<ablc 2. Ml{Cl SD/cc-pVTZ vertical excitation energies (eV) and oscillator strengths for singlet

states (relative to So) and triplet states (relative to I’o)a calculated at the experimental ground-state

geomct  ry for CIZO with Ihrec-state CASSClr  (14 in 9) averaged orbitals.

State

l’A1

1’13,

11A2

1’132

21A1

21A2

2’13,

2’132

——.
I;re,

— — . .
0,0

3.419

4.969

4.983

5.453

5.884

7.345

7.981
———.

f

1.42x1 0-4

0.0

7.75 X10-3

8.5x10-5

0.0

5.26x10 -3

6.0x10-G
-.

—— —
State

-Tzl r

13A?

13 B.,

13A,

23A1

23A ,

23112

231),
—

————
I;re,

————
0.0

1.417

1,559

1.775

3.009

3.819

3.962

4.044
—— .

f

8.81 X10-4

0.0

3.3 X10-6

1 .03X1 o-’

8.0x IO-5

0.0

5.37 X10-3

a) ‘1’.(13111) state is 2.625 CV above S.(l lAI).
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‘1’able 3. Mechanism for the simulation of C10 kinetic decay in the photolysis  of C120.

— .
Reaction

7

cl~o -1 hv --> 06+ c1

C120 + hv ---> (:12 + o

cl~o “1 c1 -+ Clo + C1*

C120 -i o -+ 2CI0

Clo + C1O --> cl~ -1 Q ~

Clo + Clo -+ Cloo  + cl

(:IO -1 Clo -+ Oclo + c1

(:10 + C10 + M + CIQ + M

o-t Clo-> cl+ 02

0 + Oclo -+ Clo +“ o~

cl + Cloo  + 2CI0

c1 + Cloo  + cl~ +“o~

c1 + 0202 -+ Cloo  + C]*

CIOO + M -> Cl + Oz + M

ClzOz +- M -+ 2CI0  + M

C]+ Oz+Mj CIOO+-M

O + OCIO +- M -+ C103 +- M

k (C1711101cCmi7s=’ j--
-— --—..

Q)= ().75

~)= ().25

9.8x10-”

3.5 X10-’2

4.9 X10-’S

8.0 X10-15

3.5 XI O”’5

(0.99 3.1 5)X1032*

3.8x10 -1]

1.0X IO-’3

I.2X1 O-”

2.3xlo-’0

l.oxlo”’”

1.1 X10-’2

2.3 X10-18

2.7x10 -33*
]-9X10-31*

* Units are cnmo~cule-  s-r–’- ““”
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I’igurc Captions

]~igurc 1. C12C) absorption cross sections vs. wavclcngtl).  Dars indicate excitation regions for

photolysis cell/filter solution combinations discussed in tl]c (c.x(.

I~igurc 2. l:lashlamp  spectral distributions for cliffercnl photolysis  cell/filter combinations: (a)

unfiltered quartz CCII; (b) quartz cell with KM1104 (0.2 g 1,-1) filter solution; (c) quartz CCII

with CrK(S04)2-121 IZ() (100 g 1,-1) filter solution; (d) unfiltered Pyrex cell.

l~igurc 3a. C10 temporal signals fbllowing  CIZO photolysis  in unfiltered quartz CCII with N2 bath

gas at pressures of (a) 5.0 ‘1’err; (b) 10.0 ‘1’err; (c) 25.1 Torr; (d) 100.1 l’orr. [C120]0  =

5x1014  II1O]CCU]C  C111”3,  ‘]’  ‘ ’298 K.

Figure 3b. C1O temporal signals  following Cljo photolysk in the quartz cell/KMn0 4 filter

combination with N2 bath gas at pressures ofl (a) 5.1 Torr; (b) 10.1 “J’err; (c) 24.9 ‘1’err; (d)

99.8 Torr. [C120]0 = 5x1 014 molecule cm-~, 3’= 298 K.

Figure 3c. CIO temporal signals following Cl~O photolysis  in the quartz cell/CrK(S04)2. 12H20

filter combination with Nz bath gas at pressures OC (a) 5.1 ‘1’on;  (b) 10.1 Torr; (c) 25.0

‘1’err; (d) 100.2 ~’orr. [C120]0  = 5X1014 molecule cn~-3, T = 298 K.

Figure 3(I. C]() temporal signals following CIZO photolysis  in unfiltered Pyrex cell with Nz bath

gas at pressures ofl (a) 5.0 “1’err; (b) 10.0 Torr; (c) 25.1 ‘1’err; (d) 100.1 q’orr. [C120]0  =

]X] 015 IIIOICCUIC  CIN-3,  c]’ ‘- 253 K.

Figure 4. CIO yield as a function of bath gas density following C120 photolysis  for the cell/filter

combinations of figure 3. Yield is defined as [CIO]n,,X/[ClzO]  c,.

Jtig~~rc  5. C]o tcll~poral  Signals following  C120 photo]ysis in the Unfiltcrecl  ]’yrex CC]] with 02 as

the bath gas at pressures ofi (a) 5.0 Torr; (b) 10.2 Torr; (c) 15.’2 “1’err; (d) 20.3 “1’err; (c) 50.4

“1 ‘err. lnsct shows CIO yield as a function of Oz density. Note the initial rise in yield
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between 5 and 10 ‘1’or[ followed by a dcc]inc at hip,hcr cicnsitics.  [ClzO]C, = 3.4x1 014

1I101CCUIC  CIII-3,  ‘]’  == 298 K.

l~igurc  6. C1O temporal signals following CIZO photolysis  in the unfiltered Pyrex CCI1 with

hcliunl  as the bath gas at pressures ofl (a) 5.1 ‘1’err; (b) 10.2 ‘1’err; (c) 50.2 ‘1’err; (d) 100.3

‘1’err; (c) 400.5 ‘1’orr. [CIZO](,  =- 3.4x1014 molcculc  CnI”3,  ‘1” 298 K.

Wigurc  7. CIO temporal signals following C120 photolysis  in the unfiltered Pyrex CCI1 with SI;G

as the bath gas at pressures ofi (a) 5.3 ‘1’err; (b) 10.1 “1’err; (c) 20.5 ‘Iorr; (d) 50.5 ‘1’err; (c)

100.5 ‘1’orr. [C120]0 = 3.4x1 014 molcculc  cm-q, ‘1’= 298 K.

Figure 8. (a) ‘1’otal absorption spcctrurn collcctcd  from I hc first 10 scans of the diode array

immediately following firing of the flashlamp.  [(120]0 = 1x101 S molcculc  cm - 3 ,  c c l ]

tcmpcraturc was 253 K, and total pressure was 5.0 ‘1’orr with Nj as the bath gas. (b) OC1O

absorption spectrum collcctcd  approximatcl  y 7 s f{lllowing firing of the flashlamp  when

[OC1O] is near its maximum. OC10 is a product of the C1O + C1O reaction. (c) CIZO

mctastablc intermediate absorption spectrum determined by subtracting an appropriately

scaled OC1O spectrum (figure 8b) from the total a[lsorption spectrum (figure 8a).

Vigure 9. I~it of the unfiltered quartz CC1l data of figure 3a to a model which includes a single

cxcitcd  C120+  state undergoing competition bctwccn  dissociation to products and

quenching back to the ground state and the secondary chemistry of the CIO + C1O

reactions. All four temporal signals were fit simultaneously with a single set of rate

coefficients.

Figure 10. Energy diagram of C120 electronic states. Vertical excit[ition energies arc given in

eV, and oscillator strengths arc included in parentheses for each state. Bold lines indicate

proccsscs involved in the long wavelength photolysis.  hvcxcitaticm  “Prcscllts  cxcitatio~~  bY ‘lle

xenon flashlamp,  M indicates collisional  quenching, ISC indicates intcrsystcm  crossing,

and hvPrO~C  rcprcscnts absorption to produce the observed metast able spectrum.
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Figure 11. C]() temporal signals resulting from model simulations of the reaction mechanism

which includes quenching to a C120 mctastablc  intcrmcdiatc  from the initially cxcitcd

electronic state, dissociation of the intcrmcdiatc  state, and qucnchitlg  of the intcrmc(iiatc

state to the ground s(atc. Upper pane] is the experimental data

cxpancicd  time axis. 1.owcr panel arc the simulated data. “1’ota

(b) 10 ‘1’err; (c)25 ‘1’err; (d) 100 ‘1’orr.

f fifJ,LlrC  3d with an

pressures arc: (a) 5 ‘1’err;

Figure 12. Vibronic band assignments arc shown for the dominant progressions of the

mctastablc C120 spectrum observed between 22,000 and 26,000 cm-l. lhc long

plogrcssions  A and 11 have frcqucncics  characteristic of a C1-0 stretching moclc and

suggest significant diffcrcnccs  bctwccn the To and ‘1’1 equilibrium structures.
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